22 23 GRAPHICAL ABSTRACT 24 25 26 Highlights: 27 • Acute HIIE induces transient NOX2 complex activity in vivo in muscle 28 • Skeletal muscle adaptations to HIIT were impaired in ncf1-deficient mice 29 • Functional NOX2 is necessary for HIIT-induced increased expression of antioxidants enzymes 30 • Ncf1-deficient mice lack HIIT-induced mitochondrial adaptations 31 32 33 34 35 36 37 38 ABSTRACT 39 Objective: Reactive oxygen species (ROS) have been proposed as signaling molecules mediating 40 exercise training adaptation, but the ROS source has remained unclear. This study aimed to 41 investigate the requirement for NADPH oxidase (NOX)2-dependent redox changes induced by acute 42 and long-term high-intensity interval training (HIIT) in skeletal muscle in a mouse model lacking 43 functional NOX2 complex due to deficient p47phox (Ncf1) subunit expression (ncf1* mutation). 44 Methods: HIIT was investigated after an acute bout of exercise and after a chronic intervention (3x 45
INTRODUCTION 65
Physical inactivity is regarded as cause of morbidity and premature mortality worldwide [1] . 66
Inactivity and sedentary behavior are estimated to be responsible for between 6% -10% of the burden 67 of disease from non-communicable diseases [2] . Exercise intensity is a significant variable explaining 68 the health benefits induced by physical activity [3, 4] . Indeed, structured high-intensity interval 69 training (HIIT) has been demonstrated to improve both whole-body and skeletal muscle metabolic 70 health in different populations [5] [6] [7] . Despite the proven efficacy of HIIT to promote metabolic health, 71 the underlying mechanisms improving adaptation in the HIIT-exercised musculature are not yet fully 72 understood. Gaining a deeper understanding of the mechanistic basis of the signaling mechanisms 73 governing the acute and chronic responses to HIIT in skeletal muscle would support the development 74 of more effective exercise training regimes and the identification of potential drug targets. 75
Reactive oxygen species (ROS) act as intracellular compartmentalized second 76 messengers mediating skeletal muscle adaptations in both health and disease [8, 9] . Sprint interval 77 bicycle exercise has been shown to elicit greater post-exercise plasma hydrogen peroxide compared 78 to moderate exercise in humans [10] , suggesting that exercise-induced ROS production in skeletal 79 muscle may be intensity dependent. Specific ROS may be required for adaptation to chronic exercise, 80 since ROS scavengers have been shown to disrupt some of the acute and long-term responses to 81 exercise in skeletal muscle (reviewed in [11] ). Furthermore, elevated levels of systemic oxidative 82 stress markers were associated with greater adaptations after 6-weeks of exercise training in humans 83 [12] . Taken together, this suggests that ROS may contribute to the intensity-dependent myocellular 84 exercise training adaptation in skeletal muscle. 85 Although many studies have suggested the importance of ROS molecules to exercise 86 training adaptation, the exact myocellular source of ROS has remained unclear [13] . For many years, 87 mitochondria were believed to be as the primary source of ROS during exercise in skeletal muscle. 88
More recently, non-mitochondrial sources have emerged as potential ROS sources during contractile activity in skeletal muscle [14, 15] . Based on studies using electrically evoked contractions in isolated 90 rodent muscle, the professional superoxide-producing enzyme complex NADPH oxidase 2 (NOX2) 91 was strongly suggested to mediate contraction-induced ROS production [15] . Moreover, 92 pharmacological inhibition of NOX2 has been shown to disrupt acute signaling and gene expression 93 elicited by moderate-intensity endurance exercise in mice [14] . Thus, whether NOX2 is a significant 94 source of ROS during high-intensity exercise and its role in the specific context of HIIT requires 95 clarification. 96
In the present study, we investigated whether NOX2 is activated in mouse skeletal 97 muscle by physiological acute high-intensity exercise (HIIE). Furthermore, we investigated if NOX2 98 activity was required for the long-term skeletal muscle adaptations to HIIT using a mouse model 99 lacking functional NOX2 due to a mutation in its regulatory subunit p47phox. We hypothesized that 100 NOX2 was a major ROS source in skeletal muscle during this high-intensity exercise modality and 101 required for long-term HIIT adaptations. 102 103 2. RESULTS 104
Acute HIIE increased NOX2-dependent redox changes in skeletal muscle. 105
To assess NOX2-specific ROS production, we used a genetically-encoded probe expressing human 106 p47 phox fused to the N-terminus of redox-sensitive green fluorescent protein 2 (p47roGFP) [16] . 107
Oxidation of roGFP in this probe causes a ratio metric change in fluorescence, measureable as a 108 reduction in the 470 nm and an increase/maintenance in the 405 nm emission. The p47roGFP reporter 109 was expressed in tibialis anterior muscle (TA) via in vivo electroporation 1 week before exercise. 110
Acute HIIE elicited an increase in p47roGFP oxidation immediately after exercise (time 0) which 111 returned to baseline at 1h after HIIE ( Figure 1 ). This demonstrated that NOX2-dependent ROS 112 production is increased transiently by HIIE. 113 114 Phosphorylation of p38 MAPK and ERK1/2 were increased by acute HIIE (Figure 2 ). Moreover, 115 phosphorylation of AMPK and its substrate ACC2 increased immediately after exercise in Quad and 116 SOL muscles ( Figure 2 ). 117
To evaluate whether an acute HIIE increased the autophagy-associated LC3 I lipidation in skeletal 118 muscle, we measured LC3 I and II expression in muscle lysates. Neither Quad nor SOL muscle 119 changed their LC3 II/I ratio up to 4h post-HIIT ( Figure 3 ), suggesting that HIIE does not increase 120 autophagy during exercise or in the immediate post-exercise recovery period. 121 122
Lack of NOX2 complex activity reduced responsiveness in running capacity 123
Having confirmed that an acute bout of HIIE activated NOX2, we next tested whether NOX2 is 124 required for long-term HIIT adaptation. We used Ncf1* mice, a described whole-body loss-of-125 function model for NOX2 activity [17] with undetectable ROS production [18] . Ncf1* mice were 126 indistinguishable from WT and no cases of the previously reported spontaneous post-partum 127 arthritis [19] were observed during >1y of breeding. Parallel results from our laboratory demonstrated 128 the absence of in vivo treadmill exercise-stimulated ROS production in skeletal muscle of Ncf1* mice 129
[20], in agreement with earlier in vitro studies using electrical stimulation [16] . 130
Presently, WT and ncf1* mice performed a three-times per week HIIT regimen for 6-weeks on a 131 motorized treadmill [21] . The HIIT intervention increased maximal running capacity in WT but not 132 ncf1* mice, compared to untrained mice ( Figure 4A : +23% vs. 10% in WT and ncf1* respectively). 133
Similar body weight and composition were observed in the untrained state, but trained ncf1* mice 134 displayed lower body weight compared to trained WT mice ( Figure 4B ). Reduced body fat and 135 increased lean mass were observed in the ncf1* HIIE group compared with the trained WT group 136 ( Figure 4C capacity in skeletal muscle [22, 23] . Furthermore, acute pharmacological blockade of NOX2 reduces 146 mRNA levels of key antioxidant enzymes in mouse skeletal muscle [14] . Here, the mitochondrial-147 localized manganese-dependent superoxide dismutase (SOD2) protein expression increased only in 148 WT (+119%) but not in ncf1* (+26%) in response to HIIT, driven by a higher baseline SOD2 content 149 in ncf1* vs. WT mice ( Figure 5A ). A similar tendency was observed for catalase expression in WT 150 (+74%, p = 0.06) vs. ncf1* (26%) ( Figure 5B ). Neither genotype nor exercise training affected 151 thioredoxin reductase 2 (TRX2), gp91phox, or nNOS protein expression ( Figure 5C Neither HIIT nor genotype affected glucose transport 4 (GLUT4) expression ( Figure 5F ). In contrast, 160 hexokinase II, a rate-limiting glycolytic enzyme, increased +77% with HIIT in WT (p<0.05) but did 161 not respond to HIIT in the ncf1* mice ( Figure 5G The mitochondrial complex I marker was increased (+55%) in the trained group compared to the 171 sedentary control in WT but not significantly increased in ncf1* mice ( Figure 6A ). A genotype main 172 effect was found for complex III and Complex IV markers ( Figure 6C -D). Moreover, total PDH levels 173 increased in the WT (+129%) but not in ncf1* mice (+30%, Figure 6G ). 174
Mitochondria in skeletal muscle undergo fission/fusion-events and can vary from highly fragmented 175 to interconnected tubular networks [28] . Since exercise training has been associated with more 176 elongated and fused mitochondria [29, 30], we estimated the change in the mitochondrial network in 177 single quadriceps muscle fibers by immunofluorescent imaging of COX4 ( Figure 7A -D). 178
Mitochondrial fragmentation was reduced by HIIT training in WT but not ncf1* mice ( Figure 7B ), 179 and the cytosolic area occupied by mitochondria was increased by HIIT in WT but not in ncf1* mice 180 ( Figure 7C ). Consistent with a disturbed ability to fuse mitochondria in ncf1* mice, we observed an 181 increase of the inner membrane fusion protein OPA1 by HIIT in WT but not in ncf1* mice, and a 182 tendency towards the same for the mitochondrial outer membrane fusion protein mitofusin-2 (MFN2) 183 (p=0.05) ( Figure 7D previous studies has been attributed to differences in antioxidant supplementation efficacy, specificity 203 and/or training regimens. Here, using a genetic loss-of-function model, we observed that an acute 204 bout of HIIE was sufficient to induce p47roGFP biosensor oxidation in skeletal muscle, indicating 205 that HIIE activated NOX2 in vivo, and that lack of NOX2 activity in skeletal muscle was associated 206 with a blunted improvement in running capacity after a 6-week HIIT period. An immediate concern 207 is that the decreased running capacity in ncf1* vs. WT mice after HIIT could have contributed to the 208 decreased protein response to HIIT. However, we find this unlikely since 1) there was no difference 209 in running capacity before training and the mean difference in maximal running speed after training 210 was only ~5%, arguing that these mice were exposed to a similar HIIT intensity and volume and 2) 211 some training-responsive proteins such as GLUT4 responded equally to HIIT in both genotypes. 212
Overall, these data suggest that NOX2 is likely a major contributor to the previously proposed ROS-213 mediated increase in endurance exercise capacity in rodents and humans [11] . 214 Many of the proteins that differed significantly between WT and ncf1* mice displayed a similar 263 expression pattern with an increased relative expression in untrained ncf1* mice and a lower relative 264 responsiveness to HIIT in ncf1* mice. Importantly, the changes were confined to subsets of proteins 265 and not observed for e.g. GLUT4, TBC1D4 or Akt2 expression. Based on the literature many of these 266 changes could be mechanistically connected. Thus, the mitochondrial adaptations to HIIT were 267 impaired both in terms of network morphology and mitochondrial protein expression. The baseline 268 upregulation of several antioxidant enzymes, including SOD2 and catalase could suggest increased 269 mitochondrial ROS production. Mitochondrial ROS production has previously been associated with 270 mitochondrial fragmentation and higher resting fat oxidation [46-48], but their contribution here is 271 unclear since genotype differences in these parameters were only observed in the trained state. Worth 272 noting, however, we did observe a significant decrease in baseline RER in ncf1* vs. Whole-body metabolism was assessed in a 16-chamber indirect calorimetry system after a 2-day 308 acclimation period (PhenoMaster; TSE Systems, Frankfurt, Germany). 309 310
Acute high-intensity interval exercise (HIIE). Fed mice performed a single HIIE bout switching 311
between 2 min running at 100% of the maximal running speed of each group, and then 2 min of active 312 recovery running at 30% of the maximal running speed for a total of 60 min. Tissues were harvest 313 immediately, one and four hours after exercise. 314 HIIT intervention. Both WT and ncf1* mice were randomly assigned to the control or HIIT group. 316
The HIIT training was carried as previously described [21] . Briefly, HIIT training involved treadmill 317 running three days per week for six weeks. In each training session, mice switched between two min 318 running at 100% of the maximal running speed of each group, and then 2 min of active recovery 319 running at 30% of the maximal running speed for a total of 60 min. During the training period that 320 HIIT group train, the control mice remained in their cages. representative and quantification of E) OPA1 and F) MFN2 protein abundance. $ denotes p< 0.05, 638 respectively compared to WT Ctrl. # denotes p<0.05 WT trained vs. ncf1* trained mice Two-way 639
ANOVA was performed to test for effects of training and genotype, followed by a Holm-Sidak's post 640 hoc test corrected for multiple comparisons. Values are mean ± SEM (A-C, n=4 and E-F, n=7-8). 641
